-thorium phosphate diphosphate (-TPD), considered as a very promising radwaste storage material, was obtained from thorium phosphate hydrogenphosphate hydrate (TPHPH) precursor through dehydration and phosphate condensation. The structures of TPHPH, intermediate -thorium phosphate diphosphate (-TPD) and its hydrate (-TPDH) have been resolved ab initio by Rietveld analysis of their synchrotron diffraction patterns. All are orthorhombic (space group Cmcm) and similarly composed of [ThPO 4 ] 4 4+ slabs alternating with disordered layers hosting either [HPO 4 . H 2 O] 2 4-(TPHPH), [P 2 O 7 . 2H 2 O] 4-(-TPDH), or [P 2 O 7 ] 4-(-TPD), unlike the 3D structure of -TPD. The diphosphate groups of -TPD and -TPDH are strongly bent. The irreversible transition to the final -TPD consists in a shearing of the slabs and a reduction of the interslabs cavities that explains the stability of this hightemperature form.
Introduction
Since the mid-90's, a considerable deal of studies have been dedicated to the search of host matrices for actinides, in the scope of immobilizing high-activity long-life radwastes such as radionuclides coming from an advanced reprocessing of the spent fuel, or excess plutonium from dismantled nuclear weapons. In this scope, the French national research group NOMADE has initiated a multidisciplinary evalution program that allowed to select some host ceramics and composites for their high chemical durability, low aqueous solubility and resistance to radiation damages [1] . Among them, Th 4 (PO 4 ) 4 P 2 O 7 (TPD) shows excellent performances and the possibility to substitute the big Th IV cation by smaller ones like U IV , Np IV , Pu IV in large amounts (respectively, up to 75, 52, 41 mol%) [2] [3] [4] [5] . This material, considered as promising, can be prepared either by wet or dry chemical route, but the former appears as the most convenient for the elaboration of solid solutions containing both thorium and other actinides, because it allows a more homogeneous distribution of the cations [6, 7] . Another strong point of the wet route lies in the very low solubility of the precursor that allows to consider the quantitative decontamination of low-and high-level radioactive liquid waste containing actinides through precipitation [8] .
Typically, the precipitation in close container of a stoïchiometric mixture of concentrated ThCl 4 solution with 5M H 3 PO 4 yields to the crystallized precursor (thorium phosphate hydrogenphosphate hydrate, Th 4 (PO 4 ) 4 (HPO 4 ) 2 . 2H 2 O or TPHPH), which is then heated to 1050-1250 °C. Recently, we reported a combined study of the thermal evolution of TPHPH by high-temperature XRD, NMR, EPMA, TGA/DSC, IR and Raman spectroscopy [9] , showing several phase transitions ( Figure 1 ): [11] , that will be discussed thereafter. High-temperature XRD has shown a strong similarity between TPHPH, TPHP, -TPD and -TPDH, but except for the closeness of the c-cell parameters, neither their patterns nor their cells (orthorhombic C, typically a = 21.4 Å, b = 6.7 Å, c = 7.0 Å, V = 1005 Å 3 ) show clear relations with those of -TPD [9] . Another unexplained difference of considerable importance regarding the applications lied in the textures of these materials: whereas TPHPH is soft and foliated, 9 -TPD can be sintered as a ceramic. Likewise, the stability of the -form, suggested by the irreversibility of the - transition, had to be duly established.
So, although being of a considerable interest, the wet route remained obscure by many points, urging us to elucidate of the crystal structures of TPHPH, -TPD and -TPDH. Note that TPHP was excluded from this study because of the closeness and the spreading of the TPHPH/TPHP and TPHP/-TPD transitions that do not allow to prepare this intermediate form pure enough.
Experimental Section
The TPHPH sample used as starting material for these studies was synthesized following the wet route described above. 6, 7 It was studied by powder diffraction and Electron Probe MicroAnalysis 5 (EPMA) using SmPO 4 and ThO 2 as calibration standards, as already described [9] . In neither case did impurities appear.
Thermogravimetric analysis
In a preliminary study, cyclic DTA/TGA's of -TPDH were performed in order to measure the number of water molecules in this compound. The experiments, made in air on a Setaram TG 92-16
apparatus with a 120 °C.h -1 heating/cooling rate, evidenced two phenomena ( Figure 2 ):
-a diffuse mass loss starting from 50 °C on heating, reaching 1.1 to 1.9 % depending on the sample, that can be attributed to adsorbed water; the reverse phenomenon was not observed, probably because of a slow kinetics;
-although the two losses overlap each other, the second one appears sharper and fully reversible during cooling and subsequent cycles, therefore, it can be quantified. 
Synchrotron Diffraction
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Because single-crystals of these compounds have never been obtained (except for the final -TPD 10 ), the following studies have been carried out on powders. TPHPH and -TPDH have been introduced into 0.3 mm glass capillaries. -TPD, very prone to re-hydration, was directly prepared in its capillary from a second -TPDH sample heated for 2 hours at 400 °C, then immediately sealed. After recording on the BM01B line of the European Synchrotron Radiation Facility (Grenoble, France), the diffracted intensities were combined into 0.006° bins for Rietveld analysis. Figure 3 shows the Rietveld plot for TPHPH. Operating and analysis conditions are reported in Table 1 . 
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Using instrumental parameters refined previously from a LaB 6 pattern, the Rietveld analysis in profile-matching mode, performed with Fullprof.2k [12] confirmed the orthorhombic cells already reported [9] . The intensities were extracted and corrected from absorption, considering a 20 % compactness as measured by weighting the capillaries.
The platelet habit of the crystallites [9] generated a broadening of the h-dependent peaks and a slight orientation effect on the intensities that were taken into account. Systematic extinctions showed a C-lattice and a c-glide mirror perpendicular to b. The pycnometric measurements [9] accounted for two Th 4 (PO 4 ) 4 (HPO 4 ) 2 . 2H 2 O (or equivalent) formulae per cell.
A Patterson synthesis performed with SHELX-97 [13] allowed to locate the thorium atoms. The analysis of the Fourier maps [14] of the three compounds revealed dense [Th 4 (PO 4 ) 4 ] 4+ slabs extending parallel to the (b,c) plane. At this point, we remarked that these atoms, as well as the residual electron density, obeyed to m-mirrors perpendicular to a and c, the Th, P(1) and some O atoms being located on the second one. For instance, an attempt of refinement in the Cc space group yielded in differenciated positions of Th atoms only 0.03(1) Å apart from their sites in Cmcm and complying with the (001) mmirror (z = 0.003 (6)), thus leading to adopt the latter space group.
Results
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TPHPH
The Cmcm space group precludes the interslab species from occupying fully their sites, because the lowest site multiplicity (4) is twice the number of each of these units (2 HPO 4 and 2 H 2 O). Indeed, the Fourier maps show electron residuals on 16h sites of the interslabs, with densities corresponding to a 1/4 occupancy (experimentally: 0.253 (2)). The ordering of the interslab is very probable because the phosphate sites overlap each other strongly, so that the presence of a unit forbids the occupation of the three nearest sites. The overlaps are also strong between these phosphates and the water molecules, leading to a unique array once a phosphate is placed in one of its four possible sites. For the example shown in Figure 4 , the non-occupied equivalent positions have been omitted, but they can be deduced through the missing symmetry elements, giving the three other possible arrays. The compactness of this packing results in an order that extends mechanically to the whole (b,c) interslabs layer, reducing its symmetry to a mere c-glide mirror. The bond strength calculation for Th, using Breese's model [16] ( Table 3) , shows a nonnegligible contribution of the water molecule (0.29 valence units) that allows to fullfil the valence of Th/A. More, in the space, the water molecules of TPHPH complete the coordination sphere of half of the thorium atoms and contribute to stabilize this compound. units is very different from ours and ignores the disorder. Indeed, our preliminary X-ray studies inclined us to think that, even with the right cell, a structure with such extreme electron densities on atoms sites can hardly be resolved with a mere laboratory X-ray diffractometer.
 -TPD
Two hypotheses are consistent with the existence of only two P 2 O 7 units in the Cmcm cell:
-the two tetrahedra of a diphosphate are equivalent through either a m-mirror or a two-fold axis belonging to Cmcm and located on the bridging oxygen O b , thus leading to a local m or 2 symmetry (an inversion center can be excluded according to a previous NMR study [18] ); -these tetrahedra are non-equivalent, leading to a 1 symmetry (in this case, all the non-trivial symmetry elements of Cmcm are lost). For the same steric reasons as for TPHPH, the P 2 O 7 units of -TPD necessarily order in the (b,c) planes ( Figure 6 ), but probably not following the a-axis. The interatomic distances appear satisfactory ( Table   3 ). Note that the refined value of the interslabs sites occupation factor is close to 1/4 (0.244 (3) diphosphates to the P-O-P angles, in the 124-180 ° domain [19] . Once integrated into these plots, the  and  values calculated from the Raman spectrum of -TPD at 250 °C ( s = 778 cm -1 ,  as = 940 cm -1 ) [9] , account for a P-O-P angle around 123 °. As far as we can rely on the scarce data of this region of the plot, the calculated value appears in good agreement with the result of the Rietveld analysis.
 -TPDH
As in -TPD, the symmetry of the interslabs appears reduced to the b-directed two-fold axis of Cmcm. The previous order/disorder considerations apply to this form, resulting in an array similar to that of the anhydrous form, with a water molecule in addition close to its position in TPHPH (Figure 7) . The refined value of the 16h interslabs sites occupation factor is 0.244(2). The water molecule in TPHPH and in -TPDH plays a significant structural role by completing the coordination polyhedron of half of the thorium atoms. Its absence explains the tendency of -TPD to re-hydrate promptly when left in air. The similar behavior of TPHP has probably the same origin. The aparameter is only faintly sensitive to the presence of water, because the interslabs are templated by the bigger HPO 4 or P 2 O 7 units, however, the de-hydration leaves wide cavities, as shown for -TPD in The -TPD/-TPD transition near 950 °C is a break in the structural continuity that prevailed up to this temperature. A structural explanation of its mechanism can be proposed by comparing the (001) projections of the two forms (Figures 9 and 10 ). Let us observe, for example, the movements of two thorium atoms belonging to the same slab: in Figure 9 , Th/I is located in the mirror plane at z = 3/4 (upper level), Th/II at z = 1/4 (lower level). After shifting parallel to the (010) plane at y = 1, following the arrows, these atoms can be found again in Figure 10 . Whereas -TPD is a 2D compound, -TPD is nearly 3D and can be grown as regular-shaped crystals instead of platelets. However, the location of Th atoms in irregular polyhedra at the surface of the slabs allows to regard important substitutions for this cation, because variations of the ionic radius of the tetravalent cation can be absorbed by slight deformations of the framework. Indeed, the flexibility of the corrugated slabs has been evidenced in the frame of a dilatometric study [22] .
The absence of cavities in -TPD and the cumulated bond strengths of 4.1 and 4.3 around the thorium atoms explain why the ultimate form is immune from re-hydration, at variance with -TPD and TPHP. Furthermore, the collapse of the structure justifies the exothermal character of the transition: -TPD, unstable in standard conditions because of its tendency to re-hydrate, becomes metastable at high temperature, until the thermal energy becomes sufficient to activate the first-order transition and stabilize the thorium atoms by forming inter-slabs bonds. In both cases, the necessity to complete the coordination polyhedron of Th by filling or reducing the cavities appears as a thermodynamic necessity.
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The other positive point resulting from the structure collapse is the compactness of the framework of the -form, that offers a better resistance to the water penetration, in agreement with the excellent performance of this material in terms of leaching and solubility [3] .
Conclusion
The present study allows now to understand how, starting from a soft and foliated precursor, -TPD achieves its remarkable stability towards temperature, water and other aggressive media after a series of thermal evolutions affecting first the interslabs, then the slabs themselves through an irreversible and exothermal transition. These criteria are of considerable importance with regard to its applications as a host material for the long-term storage of actinides.
